The high specificity of incorporation of nucleotides into DNA by polymerase enzymes is crucial for maintaining fidelity of information transfer in cellular replication. The initial insertion event is the first point at which mutations of the genome are avoided. 1,2 Mismatched pairing at this step occurs on the level of only ∼1 in 10 3 -10 5 insertions, indicating a selectivity of at least 4 kcal/mol. 1 It is clear that polymerases enhance the selectivity of nucleotide choice at the active site relative to the much lower pairing differences observed at the duplex terminus in the absence of enzyme. 2 While many of the kinetic details of replication have been studied in recent years, 3 the precise physical origins of this selectivity enhancement are poorly understood. Mechanisms involving both kinetic and binding selectivity between correct and incorrect nucleotides have been proposed. 3 Base-base hydrogen bonding, base stacking, base pair geometry, and interactions between the enzyme, DNA, and nucleotides have all been invoked as potentially important interactions; however, the relative importance of these different effects remains unclear. Many DNA nucleotide analogs with altered or reduced Hbonding potential have been examined as substrates for polymerases; 4 most of those analogs are quite poor substrates, and result in less discriminate incorporation fidelity than do the natural nucleotides. This general finding has been used as evidence that the number and strength of hydrogen bonds in a given pair determine efficiency and fidelity of DNA synthesis. Indeed, most if not all current models for replication fidelity hold that the specificity of hydrogen bonds formed in the new base pair is a central contributor to the observed selectivity.
The high specificity of incorporation of nucleotides into DNA by polymerase enzymes is crucial for maintaining fidelity of information transfer in cellular replication. The initial insertion event is the first point at which mutations of the genome are avoided. 1,2 Mismatched pairing at this step occurs on the level of only ∼1 in 10 3 -10 5 insertions, indicating a selectivity of at least 4 kcal/mol. 1 It is clear that polymerases enhance the selectivity of nucleotide choice at the active site relative to the much lower pairing differences observed at the duplex terminus in the absence of enzyme. 2 While many of the kinetic details of replication have been studied in recent years, 3 the precise physical origins of this selectivity enhancement are poorly understood. Mechanisms involving both kinetic and binding selectivity between correct and incorrect nucleotides have been proposed. 3 Base-base hydrogen bonding, base stacking, base pair geometry, and interactions between the enzyme, DNA, and nucleotides have all been invoked as potentially important interactions; however, the relative importance of these different effects remains unclear. Many DNA nucleotide analogs with altered or reduced Hbonding potential have been examined as substrates for polymerases; 4 most of those analogs are quite poor substrates, and result in less discriminate incorporation fidelity than do the natural nucleotides. This general finding has been used as evidence that the number and strength of hydrogen bonds in a given pair determine efficiency and fidelity of DNA synthesis. Indeed, most if not all current models for replication fidelity hold that the specificity of hydrogen bonds formed in the new base pair is a central contributor to the observed selectivity.
Here we present evidence, however, that a DNA polymerase can exert high fidelity even when a base pair completely lacks conventional hydrogen bonds. The difluorotoluene nucleoside 1 has recently been constructed as a nonpolar shape mimic for natural thymidine (2). 5, 6 Its "base" moiety cannot measurably form paired complexes with adenine derivatives even in chloroform, a solvent in which H-bonded complexes are much more stable than they are in water. 7 When placed within a DNA strand paired opposite adenine, moreover, it actually destabilizes the helix by ∼4-5 kcal relative to thymine at the same position. In addition, 1 shows no inherent pairing selectivity among the four natural bases, also consistent with its nonpolar, nonhydrogen-bonding nature (ref 7 and work in progress). We felt therefore that 1 would serve as a good test for the importance of thymidine's hydrogen bonding groups on fidelity, because 1 lacks the strongly localized charges but retains nearly the exact steric shape of the natural molecule. If, as current models suggest, such polar interactions are important for achieving high fidelity, then 1 would be expected to be very inefficient and highly nonselective as a template for replication.
We were surprised to find, however, that nucleoside 1 (also called F) serves as a very good template for DNA synthesis. Initial single-nucleotide insertion experiments with the Klenow fragment of DNA Polymerase I (exo-) and a 23nt primer ( Figure  1 ) indicated that at 20 µM dNTP concentrations, adenine, and only adenine, is inserted well opposite F (not shown). We then carried out more extensive studies using multiple nucleotide synthesis with a template sequence containing F, T, or an abasic nucleoside (φ) at the sixth position downstream of an 18nt primer ( Figure 1 ). An equimolar mixture of dATP, dCTP, dTTP, and dGTP at 20 µM each was used, and short and long time points were examined. The results show that replacement of thymine in the template by 1 has little or no measurable effect on DNA synthesis; in both cases the primer is efficiently extended to the end of the template, with no pause either before or after the site in question even at the shortest (2 min) time point. By comparison, substitution in the template by an abasic nucleoside causes a strong, long-lived stop immediately after a nucleotide (deoxyadenosine) is inserted at that position.
To examine quantitatively the ability of nonpolar analog 1 to serve as a template for DNA synthesis, we carried out kinetic measurements of single-nucleotide insertions with the same enzyme. The 23nt template sequence is shown in Figure 1A . Steady-state methods 8 were used to determine the efficiency (V max /K m ) of insertion of natural nucleotides opposite T or opposite 1 in the same sequence (Table 1) . Examination of relative efficiencies for each of the four bases allows a quantitative measure of fidelity (selectivity of nucleotide insertion) at the position in question. 8, 9 * Author to whom correspondence should be addressed. (1) Mol. Biol. 1993, 28, 83-126. (9) The steady-state method does not address what is the actual ratelimiting step in DNA synthesis; for example, it is known that the ratelimiting step for incorporation of some natural pairs is dissociation from the template. 3a Nonetheless, the method does allow for accurate relative comparisons of overall insertion efficiency regardless of which step is rate limiting. 8 The results show, remarkably, that analog 1 promotes efficiency and fidelity of nucleotide insertion nearly as high as that observed for natural thymine (Table 1 ). The apparent efficiency of insertion of deoxyadenosine opposite 1 is only ∼4-fold lower than that opposite T. In addition, the selectivity for insertion of A rather than C, T, or G is surprisingly similar (Figure 2 ): With T in the template, A is preferred by 3.0-4.5 log units over the other three bases, and with 1 in the template, A is preferred by 2.9-4.2 log units. These data indicate that the energetic barrier leading to the newly synthesized A-F base pair is within 0.9 kcal of that for the A-T pair. Moreover, A is inserted with ∼3.6-6.0 kcal of selectivity (relative to C, T, G) opposite F in the template. By comparison, the results for the abasic nucleoside in the template show that A is incorporated opposite an abasic site nearly two orders of magnitude less efficiently than across from 1 (Table 1) , and the abasic site causes a strong stall in further strand elongation, while 1 does not (Figure 1 ). In addition, our measured fidelity of A insertion opposite F is much higher than reported values opposite an abasic site. 10 Thus, our findings with analog F are quite distinct from the known "A rule", in which adenine is preferentially incorporated opposite abasic sites. 10, 11 These observations suggest that conventional hydrogen bonds may not be necessary for high efficiency and fidelity in DNA synthesis, and that shape complementarity may play a more important role in fidelity than previously believed. 11 We cannot rule out a very weak contribution from an unconventional C-F‚‚‚H-N hydrogen bond in the F-A base pair being synthesized; 12 however, these effects must be quite small since our previous studies have shown clearly that difluorotoluene is a highly hydrophobic species which (i) does not pair with adenine even in chloroform, (ii) is strongly destabilizing when paired with adenine in DNA, and (iii) shows no inherent pairing selectivity in the absence of the enzyme. 7 Previous polymerase experiments with hydrogen bondingimpaired analogs of natural DNA bases have nearly always resulted in poor nucleotide insertion or elongation. 4 Those earlier analogs have considerable steric alterations (relative to the natural bases) resulting from alkylation or removal of H-bonding groups. We hypothesize that the reason that analog 1 is so successful in DNA replication is that it retains the steric shape and conformation of the natural nucleoside. It will be useful in continuing studies to compare analog 1 with closely related structures to evaluate the importance of the shape mimicry. Future studies will also address the kinetic behavior using pre-steady-state methods, and will explore the generality of F-A base pair recognition by different polymerases and in different sequence contexts. It will also be of interest to investigate whether the nucleotide triphosphate derivative of 1 is viable in DNA synthesis. Conditions: 5 µM template-primer duplex (23nt template), 13-200 nM enzyme, 50 mM Tris‚HCl (pH 7.5), 10 mM MgCl2, 1 mM dithiothreitol, and 100 µg/mL bovine serum albumin, incubated for 1-20 min at 37°C in a reaction volume of 10 µL (see Supporting Information for details). Standard deviations are given in parentheses.
b Efficiency relative to dATP insertion opposite T (entries 1-4) or dATP insertion opposite F (entries 5-8).
c Value relative to dATP insertion opposite T. Table 1. 
